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ABSTRACT  
The surface enhanced Raman scattering (SERS) effect has shown immense potential for 
detecting trace amounts of explosive vapor molecules. To date, efforts to produce a 
commercially available, reliable SERS sensor have been impeded by an inability to separate the 
electromagnetic enhancement produced by the metallic nanostructure from other signal 
enhancing effects. Here we show a new Raman sensor that uses surface acoustic waves (SAWs) 
to produce controllable surface structures on gold films deposited on LiNbO3 substrates, that 
modulate the Raman signal of a target compound (thiophenol) adsorbed on the films. We 
demonstrate that this sensor can dynamically control the Raman signal simply by changing the 
SAW's amplitude, allowing the Raman signal enhancement factor to be directly measured with 
no variation in the concentration of the target compound. The physically adsorbed molecules can 
be removed from the sensor without physical cleaning or damage making it possible to reuse it 
for real-time Raman detection.  
 
INTRODUCTION 
Raman scattering
1
 has been used as a powerful 'fingerprinting' technique for more than 80 
years, and is currently of much interest to security, law enforcement and air quality monitoring 
 2 
agencies who desire practical sensors capable of detecting compounds of interest.
2,3
 Compared to 
other techniques of material detection such as quartz crystal microbalances,
4
 gas 
chromatography,
5
 capillary electrophoresis,
6
 and ion mobility spectroscopy,
7
 Raman 
spectroscopy offers superior molecular specificity and does not require a carefully prepared 
sample to be taken from the measurement site for analysis in a laboratory. This makes the Raman 
technique particularly attractive for on-site detection and for real-time monitoring applications.
8-
11
 However, while Raman spectroscopy has proven highly successful in identifying materials in 
large quantities, it is a weak scattering process which is a severe limitation in situations where 
the substance appears only in trace amounts (< 1 ppm) such as in the detection of explosive 
vapors.
12 
In 1974, it was shown that detection sensitivity could be dramatically increased by using 
nanostructured metallic surfaces to enhance the Raman signal by many orders of magnitude,
13
 
making it possible to detect even single molecules.
14
 Today this technique of amplifying Raman 
spectra of material adsorbed to metallic surfaces is referred to as Surface Enhanced Raman 
Scattering (SERS),
15
 and covers a diverse range of approaches involving metallic surfaces, thin 
films, roughened electrodes, nanoparticle aggregates, etc.
16-19
 which can enhance the Raman 
signal anywhere up to 10
12
.
9
 This dramatic increase in signal is thought to result from plasmonic 
activity generated by the nanoscale features of the surface
16
 as well as a smaller chemical 
enhancement effect.
20
  
Over the last 40 years of SERS research, more than 140 000 refereed research papers
10
 have 
been published on the topic because of the acknowledged potential that the combination of 
molecular fingerprint specificity and trace-concentration sensitivity that SERS offers. Despite 
this massive effort, the technique is still not a routine spectroscopic tool for ultra-low 
concentration investigations.
17
 This is a direct result of the inability to fabricate SERS active 
surfaces, or sensors, that adequately balance stability, efficiency, reliability and reproducibility in 
a commercially viable sense. Part of the difficulty lies in defining and measuring the Raman 
signal enhancement that a particular SERS sensor produces. Theoretically, the electromagnetic 
enhancement is inherently tied to the dimensions of the specific metallic nanostructure, so by 
varying the size and spacing of the nanoparticles,
16
 or adjusting the periodicity of a nanostructure 
array,
16
 the Raman signal can be increased. However, changing the surface topology of the SERS 
 3 
substrate also changes, and sometimes considerably, the amount of target compound adsorbed to 
the surface
13
 and the manner in which it is bonded.
21
 This makes it extremely difficult to 
compare the Raman signal enhancements of two different nanostructured SERS sensors since it 
is not possible to separate the enhancement produced by the nanostructure from that due to 
variations in target compound concentration and other effects.
10,17,19
 Unfortunately, this has made 
it difficult to fully identify and understand all enhancement mechanisms, resulting in theories 
that often are not in agreement with experimental results.
16
 This has significantly impeded the 
development of commercially available, reliable SERS vapor sensors.
17,19
 
Here we report on the design, fabrication and demonstration of a novel acoustically enhanced 
Raman surface sensor. The sensor produces periodic nanometer scale features on a 100 nm thick 
gold film deposited on a piezoelectric lithium niobate (LiNbO3) substrate through interference of 
converging surface acoustic waves (SAWs). Recently, it was demonstrated that SAWs could be 
used to aggregate silver nanoparticles
22
, and to assemble arrays of nanowires
23
 which could then 
be utilized in sensing applications.  The sensor described here differs in that the SAW drive field 
dictates the size of the surface features,
24
 producing a Raman sensor where the surface structure 
can be varied without changing the concentration of the target analyte. This provides a unique 
platform for investigating the electromagnetic enhancement of the sensor in isolation from other 
enhancement factors. Here we show that, for this particular sensor, the SAW produces a five-fold 
enhancement in the Raman signal. Since the analyte concentration is the same in the presence 
and in the absence of the SAW, the observed enhancement is due to the surface features created 
by the SAW and not the result of variations in analyte coverage of the film. In addition, by 
generating high amplitude SAWs across the sensor, we demonstrate that we can remove the 
physically adsorbed thiophenol molecules from the sensor without damage to the gold surface. 
Therefore, we demonstrate a Raman sensor for detecting adsorbed materials that has the potential 
to be reused without requiring physical cleaning or resurfacing, making real-time Raman 
detection possible. 
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INFLUENCE OF ACOUSTIC WAVE ON RAMAN SIGNAL 
The principle of acoustic enhancement of Raman signals that we investigate in this paper is 
shown in Fig. 1. A target molecule is adsorbed on a thin smooth gold film (Fig. 1a). When a 
continuous SAW propagates along the gold film, the induced sinusoidal metallic grating causes 
enhancement of the target molecule’s Raman signal (Fig. 1b).25,26 By changing the SAW 
amplitude, we can adjust the enhancement of the Raman signal as desired. For large amplitude 
SAW’s the target molecule desorbs27 from the gold surface (Fig. 1c). Hence target molecules can 
be removed from the gold film surface without physical cleaning or resurfacing, leaving this 
surface undamaged and immediately reusable for future Raman detections. 
 
MATERIALS AND METHODS 
For significant electromagnetic enhancement of Raman signals, metallic structures with 
nanoscale features are required.
10,28
 It has been recently shown that constructive interference of 
counter-propagating SAWs can yield surface displacements of up to 15 nm.
24
 The amplitude of 
this interference pattern can be maximized with the use of a focusing annular interdigital 
transducer (AIDT).
29
 The AIDT generates SAWs, on the surface of a piezoelectric material (e.g. 
LiNbO3), that propagate towards, and constructively interfere at, the central spot.  In our sensor 
(see Fig. S1 (Supporting Information)), a thin gold film is deposited on top of the piezoelectric 
material at this central spot, so that the constructive interference of AIDT-induced SAWs there 
produces metallic peaks with nanoscale amplitudes that are separated by many micrometers.  
Sensor fabrication: The sensor consists of a 4 mm diameter circular gold detection region 
enclosed by a gold AIDT, both deposited on a 128º Y-cut LiNbO3 substrate that is 75 mm in 
diameter and 0.5 mm thick, as shown in Fig. S1 (Supporting Information). All deposited gold 
(Au) consisted of a 5 nm chromium adhesion layer
30
 and a 100 nm thick layer of Au. 
Photolithography was used to fabricate the 71 finger pairs (142 fingers total, metallization ratio 
of 0.5) and the triangular terminals were oriented perpendicular to the LiNbO3 X-axis to obtain 
maximal piezoelectric energy conversion. The diameter of the innermost electrode figure pair 
was 15 SAW wavelengths. 
 5 
Counter-propagating SAWs were generated by application of a 10 MHz RF signal fed through 
a 50 W amplifier and 3 dB power splitter to the triangular sensor electrodes (see Fig. S1 
(Supporting Information)). The RF signal produces oscillating electric fields between the 
interlocking fingers of the AIDT resulting in periodic expansions and deformations of the 
LiNbO3 surface due to the piezoelectric effect. These transverse SAWs interfere constructively at 
the centre of the detection region yielding nanoscale surface displacements (8 nm) separated by 
400 m or less. 
The wavelength λ of the AIDT-generated SAWs is related to its phase velocity v and the 
frequency f of the RF input signal by the equation λ = v / f. The phase velocity of SAWs on 
anisotropic materials depends strongly on the direction of propagation.
31
 To ensure that the 
counter-propagating SAWs converge to a constructively interfering central spot, the AIDT 
fingers are specifically shaped to include the impact of the anisotropic phase velocity. This is 
achieved by separating the adjacent electrode fingers by an angularly-varying distance p(θ) = 
1/(2 f s(ψ)),29 where s(ψ) is the SAW slowness as a function of emission angle ψ calculated from 
the Green's function theory.
32
 
Fig. 2 shows the typical wave pattern of these SAW-generated surface displacements of the 
gold film that we measured using the beam deflection technique
33
 when 28 W of RF power was 
applied to the electrodes. The amplitude of these surface displacements depends on the input 
power of the RF signal driving the AIDT,
24
 and hence the sensor allows a finessed control of the 
surface topology and its effect on the enhancement of Raman signals from molecules adsorbed at 
the centre of the detection region without variation of analyte concentration. 
 
Raman spectroscopy: Thiophenol was chosen as the analyte for this study because it was found 
to produce a reproducible Raman signal once adsorbed to a gold surface. Thiophenol molecules 
were deposited by immersing the sensor in 10 mM thiophenol in ethanol at 25°C for 17 h. This 
exposure time was used to ensure an uniform monolayer coverage. The samples were rinsed in 
ethanol and dried under nitrogen before the Raman measurements.   
 6 
 Raman spectra were collected using an inVia Renishaw Raman microscope with a near-
infrared 785 nm diode laser. The laser spot size was 1 µm and the power at the sampling point 
was 10 mW under the 50× objective. The spectra were processed using the GRAMs software.  
 
RESULTS 
In this study, two equivalent 10 MHz AIDT sensors were used to investigate the effect of 
SAWs on the Raman signal intensity of thiophenol physically adsorbed to the sensor. A 
spectrum of thiophenol adsorbed onto the gold surface without acoustic enhancement is shown in 
Fig. S2a (Supporting Information).  
The peak assignments are detailed in Table 1.
34
 The most prominent band at 1073 cm
-1
 is 
assigned to the in-plane C-C-C and C-S stretching modes.
34
 The area of this peak is used as the 
measure of the sensor’s Raman signal that is then correlated to the SAW amplitude through the 
RF drive power. A control measurement was performed to demonstrate that the Raman signal 
without a SAW (i.e. with no RF power applied) was stable and reproducible, as shown in Fig. 
S2b (Supporting Information). The reproducibility of the signal is demonstrated by the low 
relative standard deviation (RSD) for each of the 10 measurements, which ranges from a 
maximum of 3% to a minimum of 1%. 
Application of low amplitude SAWs to either sensor produced an increase in the observed 
Raman signal as shown in Fig. 3. Increasing the RF power to the SAW enhanced the Raman 
signal to a maximum that was five times larger than when no SAW was present. While modest, 
this enhancement of Raman signal is reproducible and should increase if the surface feature 
periodicity were reduced from 400 m. Increasing the RF power to the SAW beyond 6.53 W 
reduced the observed Raman signal. Inspection of the actual Raman spectra at RF powers rising 
from 0 W up to 28.8 W (50 Ω) indicates that different Raman bands grow while others decrease, 
as shown in Fig. 4. 
Interestingly, at 6.53 W additional bands can be seen which are not observed in the other five 
spectra. The positions and intensities of all the Raman bands observed at 0 W and 6.53 W RF 
powers are provided in Table 1. Based on the spectral analysis of the dynamics of adsorbed 
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thiophenol on the surface, this change in spectral features could be due to the SAW altering the 
orientation of thiophenol on the gold surface. Carron and Hurley have determined the orientation 
of thiophenol adsorbed on gold through the electric field enhancement normal to the metal 
surface and found that the axial angle for gold was 76°.
35
 The change in the orientation is related 
to the relatively free rotation of the phenyl ring on the surface as opposed to the rigid structure 
found in the bulk. It is therefore thought that more bands are observed with higher RF power due 
to a lower proportion of molecules lying flat on the surface producing more in-plane vibrations. 
For RF powers up to 6.53 W, the SAW amplitude is sufficient to enhance the Raman signal but 
is insufficient to alter the concentration of the thiophenol molecules on the sensor surface. At 
these powers, the change in signal was reproducible and reversible since the Raman signal 
returned to its original intensity level once the SAW was turned off, which confirmed that the 
same concentration of thiophenol molecules were still adsorbed to the surface. Therefore, it can 
be concluded that the Raman signal enhancement that was observed for RF powers up to 6.53 W 
was not due to any variation in thiophenol concentration on the sensor surface but is a direct 
result of the surface features created on the gold film by the SAW. 
 
As shown in Fig. 3 and Fig. 4, if the RF power was increased beyond 6.53 W the Raman signal 
intensity decreases until at powers around 30 W all Raman signal disappears and does not return 
even when the RF power is set to zero. This indicates that at these high RF powers desorption of 
the thiophenol molecules from the sensor surface has occurred. Importantly, an electron 
microscope inspection of the gold sensor surface revealed no damage had occurred to the gold 
film. We can eliminate the possibility that this desorption was laser induced, as thiophenol is 
stable under 785 nm illumination
36
 as was found in our control measurements shown in Fig. S2b 
(Supporting Information). This stability has also been noted by Carron with prolonged irradiation 
of 647 nm laser.
35
 Similarly, it is unlikely that thermal processes have removed the thiophenol, as 
the temperature of the sensor increased by less than 5°C when the RF power was increased from 
0 W to 35 W. To conclusively exclude thermal effects, the sensor was heated to 80°C with 
virtually no difference (< 5%) in Raman signal from that observed at the ambient temperature of 
25°C.  
 8 
Theoretically, the energy transferred from the SAW to the thiophenol is more than 4 orders of 
magnitude lower than the 200 kJ/mol required to break the gold-thiophenol bond
37
, yet the lack 
of Raman signal suggests that the thiophenol has been removed. This raises the possibility that 
much of the gold-thiophenol that is deposited on the gold surface is not covalently bonded, but 
physically adsorbed on the surface.  
Chemical adsorption of the thiophenol analyte could be inhibited by surface fouling as it has 
been observed that within minutes of exposure to standard laboratory atmosphere, a clean 
hydrophilic gold surface can be rendered hydrophobic by adsorption of nonpolar contaminants. 
Recent experiments show a significant decrease of more than an order of magnitude in the 
Raman signal intensity if a gold film is exposed to air for several hours prior to exposure to the 
analyte
38
. As the sensors reported here were fabricated elsewhere and exposed to air for several 
days prior to use, surface contamination is possible. The Raman spectrum of the thiophenol 
adsorbed on the gold in Fig. S2a (Supporting Information) provides some evidence for this with 
the Au-S peak near 270 cm
-1
 rather weak in comparison to the other bands. 
Apart from the chemical interaction between the thiophenol and the gold, the  electrons from 
the phenol group could electrostatically interact with the gold surface, or non-specific physical 
interactions between other parts of the molecule and the gold surface may occur. These 
electrostatic interactions are weak, and therefore more readily perturbed by the SAWs energy 
resulting in removal of the analyte at 29 W RF powers. Removal of non-specifically adsorbed 
molecules by SAW mechanical perturbations have been observed reported by Cular
39
 and 
Meyer.
40
 .  
The results here show that in this case it is possible to remove the physically adsorbed 
thiophenol analyte from the sensor without damaging the sensor's gold surface. This leads to the 
exciting possibility of reusing the sensor in some cases, without physical contact cleaning. Here 
the sensor can be operated and once the desired signal is obtained, the RF power can be 
increased sufficiently to remove the target compound from the surface. The sensor is then 
immediately ready to detect any subsequent materials that adsorb to its surface. This was tested 
by depositing thiophenol onto the SAW sensor and measuring its Raman spectrum. When the RF 
power was increased beyond 28.8 W, all Raman signal disappeared, and no thiophenol spectrum 
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was observed when the RF power was reset to 0 W. The sensor was then exposed to the same 
concentration of thiophenol, and the thiophenol Raman signal returned as shown in Fig. 5. 
Reuse of the same sensor without physical cleaning for multiple detections is a significant 
breakthrough for the Raman detection of materials adsorbed to the metallic surface. The vast 
majority of SERS sensors reported and described in the literature, detect materials adsorbed to 
the metallic surface of the sensor. Once exposed and detection of the adsorbed materials has 
occurred, these sensors must be replaced, physically cleaned or resurfaced in order for them to 
perform further detections. This, single use functionality, is a significant limitation and since 
many SERS sensors require elaborate nanostructures for Raman signal enhancement this can 
make the sensor an expensive consumable. With the acoustic Raman sensor described here, 
physically adsorbed material was removed through application of high amplitude SAWs, 
allowing it to be used for subsequent detections as demonstrated. However, this functionality is 
not without limitation and will depend on the nature of adsorption. Molecules that bond 
chemically with gold will not be removed by the SAW since the energy imparted is insufficient 
to break the bond. 
 
CONCLUSION 
In conclusion, we have designed, fabricated and demonstrated a novel reusable Raman sensor 
that produces a five-fold enhancement in the Raman signal intensity of a target analyte 
(thiophenol), by using converging surface acoustic waves to dynamically modulate the metallic 
surface features on which the analyte is adsorbed. Since the sensor surface topology can be 
altered without variation of the thiophenol concentration on the sensor surface, it is possible to 
directly correlate Raman signal enhancement with the structure of the gold sensor surface. The 
sensor can also change the orientation of the analyte to clarify the presence or absence of bands 
in its Raman spectrum, and remove the physically adsorbed analyte without physical cleaning. 
This sensor can not only correlate metallic surface features with Raman signal enhancement, but 
also has the potential to establish the surface enhanced Raman scattering effect as the basis of a 
reusable and reliable Raman sensor for commercial real-time monitoring applications including 
the on-site detection of explosive vapors. The next 'iteration' of this sensor will operate at higher 
 10 
frequencies (100 MHz) to reduce the periodicity of the surface structures which should result in 
larger Raman signal enhancements. In future studies, we will also consider shorter exposure 
times to the 17 hrs used here, to test the sensitivity of the sensor as the exposure time is directly 
related to the amount of analyte on the sensor platform.  
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Table 1. Raman band positions and the known assignments for thiophenol on gold on lithium 
niobate for surface acoustic wave drive powers of 0 W and 6.53 W.   
Band 
position/cm
-1
 
Intensity Assignment 
0 W 6.53 W 0 W 6.53 W 
 1623  141  
1574 1575 261 686 C-C stretching 
 1524  297  
 1502  123  
 1312  324  
 1287  307  
 1259  128  
1073 1073 322 790 Inplane C-C-C stretch and C-S stretching 
1022 1023 113 277 In-plane C-H stretching 
998 998 170 459 Out-of-pane C-C-C and C-S stretching 
 867  197  
 694  74  
 600  98  
 473  93  
 417  298  
 364  48  
270 274 149 66 Au-S stretching 
a
 Peak assignments based on Ref 34 
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Figure 1. Principle of the acoustic enhancement of Raman signals. A target molecule is adsorbed 
to the gold detection region. (a) No surface acoustic waves (SAW) propagating with no 
enhancement of Raman signal. (b) A moderate amplitude SAW and molecule remains adsorbed 
with Raman signal electromagnetically enhanced. (c) A large amplitude SAW causes molecule 
to desorb. 
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Figure 2. The displacement of the gold surface measured at the center of the sensor using the 
beam deflection technique
33
 when 28 W of radio frequency power at 10 MHz is applied. 
 
 
Figure 3. The measured dependence of the Raman signal intensity on surface acoustic waves 
radio frequency power. 
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Figure 4. Raman spectra recorded at progressive radio frequency (RF) power (0-29 W) showing 
the effect of RF power on the spectral features. There is an increase in the intensity of all bands 
from 0 to 0.38 W, and at 6 W, the spectrum is remarkably different with further intensity 
enhancement in all bands as well as additional bands that are not seen at lower RF powers. Each 
10 s spectral scan was obtained with a 785 nm laser at 10 mW. 
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Figure 5. (a) The measured Raman spectrum of thiophenol adsorbed on the gold sensor; (b) the 
measured Raman spectrum after sensor had been exposed to 5 min of 28.8 W surface acoustic 
waves; (c) the measured Raman spectrum after the sensor had been re-exposed to thiophenol. 
 
